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The paper describes the effect of doping with hydrogen and tungsten by means of plasma-immersion ion implantation (PIII) on
the properties of vanadium dioxide and hydrated vanadium pentoxide films. It is shown that the parameters of the metal-insulator
phase transition in VO2 thin films depend on the hydrogen implantation dose. Next, we explore the effect of PIII on composition,
optical properties, and the internal electrochromic effect (IECE) in V2O5⋅nH2O films. The variations in the composition and
structure caused by the hydrogen insertion, as well as those caused by the electrochromic effect, are studied by nuclear magnetic
resonance, thermogravimetry, Raman spectroscopy, and X-ray structural analysis. It is shown that the ion implantation-induced
hydrogenation can substantially enhance the manifestation and performance of the IECE in V2O5 xerogel films. Finally, the effect
of PIII-assisted doping with W on the parameters of electrical switching in Au/V2O5⋅nH2O/Au sandwich structures is examined.
It is shown that implanting small tungsten doses improves the switching parameters after forming. When implanting large doses,
switching is observed without electroforming, and if electroforming is applied, the switching effect, on the contrary, disappears.

1. Introduction

Vanadium being a transition metal forms a large number
of oxide phases with different V atom oxidation degrees:
𝛽-phase with an oxygen content of 15 to 25 at.%, 𝛾-phase
(VO0.53), VO, oxideMagneli phases forming the homologous
series V𝑛O2𝑛−1 (including V2O3 at 𝑛 = 2), Wadsley phases
V2𝑛O5𝑛−2, VO2, and highest oxide V2O5. Suboxides VO𝑥 (𝑥 <
1), monoxide VO, and V7O13 are metallic, while vanadium
pentoxide is a dielectric with a bandgap of 𝐸𝑔 ∼ 2.35 eV. A
remarkable property of many other vanadium oxides is that
they exhibit metal-insulator transitions (MIT) as functions of
temperature [1–3].

In stoichiometric VO2 single crystals, the MIT occurs at
a temperature of 340K. It is a first-order phase transition:
a latent heat of 4.27 kJ/mol is absorbed at heating and
released at cooling; there is a temperature hysteresis whose
width Δ𝑇𝑡 varies from 0.5 to 20K, and the crystal lattice
volume changes at the phase transition [1]. The jump in
the electrical conductivity 𝜎 during the transition reaches

five orders of magnitude. At a temperature above 𝑇𝑡, VO2
is a “bad metal” (like, e.g., high-𝑇𝑐 superconductors in the
normal state and some other metallic oxides of transition
and rare-earth elements [4]). Below 𝑇𝑡, the material exhibits
semiconductor properties with 𝐸𝑔 ∼ 0.7 eV, but the 𝜎(𝑇)
dependence does not comply with the Arrhenius law because
of the polaron hopping conductivity contribution [5]; the
VO2 semiconductor phase is a correlated (Mott) insulator
[2, 6].

In addition, in MOM structures with vanadium dioxide,
as well as in structures based on some other transition metal
oxides, the phenomenon of electrical switching associated
with MIT is observed [7]. The switching effect is a sharp,
significant, and reversible change in the system conductivity
under the action of the applied electric field. Doping VO2
with various metals and hydrogen allows one to control
the value of 𝑇𝑡 [1, 7–10] and, accordingly, the S-shaped
I-V characteristic parameters, for example, the threshold
voltage 𝑉th. On the other hand, the study of the MIT in
vanadium dioxide, doped with hydrogen or metals with a
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valence greater than 4 (e.g., W6+), is of great importance
from the viewpoint of further understanding the transition
mechanism. The point is that a transformation of the crystal
structure, accompanied by the lattice period doubling along
the rutile unit cell 𝐶𝑟 axis, occurs in VO2 at the transition.
This fact would seem to make it possible to consider the
MIT in this material as a structural Peierls transition [1]
with the charge density wave formation. Meanwhile, there
exists a large amount of experimental data that support the
Mott electron-correlation transition scenario [2, 6, 8–10] as
the MIT initiating mechanism in vanadium dioxide. In this
context, doping, which leads to an increase in the free carrier
concentration, is an effective way to either confirm or refute
the hypothesis of theMott transition in vanadiumdioxide [8–
10].

Vanadium pentoxide demonstrates electrochromic be-
havior under lithium or hydrogen intercalation due to the
formation of Li𝑥V2O5 or H𝑥V2O5 bronzes [11, 12].

The electrochromic effect has potential applications in
making optical indicators, displays, optoelectronic switches,
sensors, and so on. In the hydrated vanadium pentoxide
V2O5⋅nH2O (𝑛 = 1.6–1.8), the internal electrochromic effect
(IECE) is observed without the use of an external electrolyte
[13].

The IECE in vanadium pentoxide xerogel takes place
when a DC voltage is applied to the film across the two metal
electrodes. At the flowing current, a bright red spot appears
and gradually grows under the negative electrode. This
phenomenon is associated with the migration of protons,
which are present in the xerogel water phase, toward the
cathode and formation of red-colored highest polyvanadic
acids, particularly, hexavanadic X4V6O𝑙7 or decavanadic
H6V10O28 acid inclusions, inside the vanadium pentoxide
layers [13]. Accordingly, one can suppose that the effect might
be enhanced by means of an additional saturation of the
V2O5⋅nH2O film by hydrogen. Therefore, doping the vana-
dium pentoxide xerogel films with hydrogen appears also to
be an urgent problem.

Moreover, electrical switching is observed inMOMstruc-
tures based on vanadium pentoxide gel films after electro-
forming which results in formation of a VO2 channel inside
the film between metal electrodes [7, 8]. It has been shown
that doping of the initial V2O5⋅nH2O film with tungsten
allows minimization of the statistical spread (which is an
inevitable consequence of the electroforming process) of the
𝑉th value [7, 8]. This minimization is surely important for
practical applications of vanadium oxide switches [7].

All the foregoing allows us to conclude that the alloying
of vanadium oxide films is of undoubted interest, since it
provides an opportunity for varying the MIT and switching
parameters in a wide range, as well as for the improvement
of the IECE manifestation and performance in V2O5 xerogel
films.

Current methods of alloying, particularly those based on
thermal-diffusion processing, have a disadvantage associated
with an inhomogeneous distribution of the dopant. In addi-
tion, thermal-diffusion doping requires substantial heating
of the sample. Doping at the stage of synthesis (e.g., with
magnetron sputtering using a V-W target or the introduction

of tungsten oxide into the initial sol in the production of
films by the sol-gelmethod) also results in an inhomogeneous
distribution of impurities and even phase separation. The
ion-beam implantation method requires high ion energies,
while the penetration depth of alloying elements in the
material is unacceptably high, and the ion-beam implantation
systems themselves require complex beam focusing and
sample movement devices, so implantation at low energies
and small depths of doping becomes ineffective. In addition,
both ion-beam and heat treatment can be accompanied by a
change in oxygen stoichiometry, in particular, by oxidation of
VO2 to higher oxides of the V2𝑛O5𝑛−2 series or by reduction
of vanadium pentoxide or vanadium dioxide to lower oxides
of the V𝑛O2𝑛−1 series. The method of plasma-immersion
ion implantation (PIII) [14], applied in the present work for
the doping of thin films of vanadium oxides, lacks these
drawbacks. At the PIII processing, the sample is placed
directly into the low-temperature plasma, and implantation is
performed immediately over the entire surface of the sample.
This leads to a uniform implantation over a large area with a
rapid gaining of the necessary dose (and, hence, the dopant
concentration), while the treatment process proceeds at a low
temperature. The doping homogeneity depends only on the
plasma uniformity above the sample surface, and the energy
of the implanted ions can be varied from unities to hundreds
of keV.

Thus, the modification of the properties of vanadium
oxide films during their doping by the method of plasma-
immersion ion implantation is a topical task. In this paper we
report the results of the effect of doping with hydrogen and
tungsten by means of plasma-immersion ion implantation
on the structure, composition, and physical properties of
vanadium dioxide and hydrated vanadium pentoxide films.
The metal-insulator transition, electrochromic effect, and
electrical switching in these materials are studied, and their
modification under doping is examined.

2. Methods and Materials

2.1. Plasma-Immersion Ion Implantation. In the case of dop-
ing with hydrogen, the samples were hydrogenated using a
specially designed PIII setup schematically depicted in Fig-
ure 1(a).The setup included aworking chamber with a sample
holder (“target” in Figure 1(a)), vacuum system, plasma
generator, high-voltage pulse system, and gas supply system.
The working chamber had the shape of a cube made of
vacuum stainless steel with a working volume of 400 × 400 ×
400mm3. A hot-cathode plasma source (HCPS) was attached
to one of the working chamber flanges.TheHCPS initiated an
arc discharge in the working chamber. The vacuum system
based on a turbomolecular pump ensured the residual gas
pressure in the chamber as low as 10–4Pa. Voltage pulses were
applied to the sample holder via an HVS-10-10 solid-state
switch. The gas (hydrogen) supply system consisted of two
FC-260 gas flow controllers.

The irradiation dose 𝑁 (number of ions incident on a
unit target area) was estimated from the following expression
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Figure 1: (a) Block diagram of PIII setup and (b) the setup modification for W implantation.

based on the magnitude of current flowing through the
sample:

𝑁 =
𝐼imp ⋅ Δ𝑡 ⋅ ] ⋅ 𝑡

𝑒 ⋅ 𝑠
, (1)

where 𝐼imp is the current pulse amplitude, Δ𝑡 is the pulse
duration, ] is the pulse repetition rate, 𝑡 is the overall
processing time, 𝑒 = 1.6 × 10–19 C is the H+ ion charge, and
𝑆 is the sample area.

The parameters of PIII are presented in Table 1. For V2O5
gel films, the irradiation dose was determined from (1), and
the doses used in the experiments were varied in the range
(1.0–3.5) ⋅ 1017 cm−2. In some experiments, only a half of the
film was hydrogenated, while a mask covered another half.
The film region exposed to the hydrogen implantation, that
is, the hydrogenated region, changed its color from yellow-
brown or gray-green to dark-green.

When implanting tungsten, the discharge was ignited in
argon. A crucible with tungsten hexacarbonyl W(CO)6 was
placed into the working chamber and heated up to 200∘C
(Figure 1(b)). The melting point of W(CO)6 is 169

∘C, and the
boiling point is 175∘C. At 𝑇 = 200∘C tungsten hexacarbonyl
sublimates in vacuum, and W(CO)6 vapor appears in the
discharge chamber.

Molecules W(CO)6 are ionized in the discharge and
implanted into the sample.

The gas composition during the experiment was moni-
tored with a quadrupole mass spectrometer Thermo Scien-
tificDSQ II. From themass spectra (Figure 2), we determined
the partial pressures of Ar and W(CO)6 indicated in Table 1.

It should be noted that the dose of tungsten implantation
could not be determined from the current value according
to (1), inasmuch as argon ions contributed to the total
current too.Therefore, the W concentration in the films after
PIII was evaluated from the energy dispersive X-ray (EDX)
spectra obtained using a Hitachi SU 1510 scanning electron
microscope.

2.2. Sample Preparation and Characterization. Film sam-
ples of 200 nm thick polycrystalline vanadium dioxide VO2
on glass-ceramic substrates were fabricated using an AJA
ORION5 setup by reactivemagnetron sputtering in amixture
of argon and oxygen (the partial pressures of Ar and O2 were
4.3 and 0.7 Torr, and the DC generator power was 200W)
with subsequent annealing at a temperature of 500∘C.

The V2O5⋅nH2O films were obtained by the sol-gel
method [8, 13, 15]: the vanadium pentoxide powder was
placed in an alundum crucible and kept in a muffle furnace
for 1 hour at a temperature of 900∘C. After that, the V2O5



4 Advances in Condensed Matter Physics

Table 1: Parameters of plasma-immersion ion implantation.

Parameter, unit Implantation of H into VO2 Implantation of H into V2O5 gel Implantation of W into V2O5 gel
Discharge current, A 9.5 9 10
Discharge voltage, V 69.5 75 55
Cathode heating current, A 65 60 65
Pressure, Pa 4 4 1.2 (Ar); 3.8 (W(CO)6)
Gas flow, m3Pa/s 0.0018 (H2) 0.0018 (H2) 0.0018 (Ar)
𝑉imp applied to sample, kV 2 2 2
𝐼imp, mA 20 50 50
Δ𝑡, 𝜇s 10 10 5
𝑡, min 1–5 5–30 1–5
], kHz 1-2 2 1.7

0

10

20

30

40

50

60

70

80

90

100

18.05

27.98

39.94

40.89
105.89

119.89

147.89

183.94

211.94 239.94

267.94

295.94

323.94

351.94Re
la

tiv
e a

bu
nd

an
ce

200150100 250 300 35050
m/z

W(CO)6
+

W(CO)5
+

W(CO)3
+

W(CO)2
+ W(CO)4

+W(CO)+

W+

Ar+

N2
+
+ CO+

H2O

Figure 2: : Mass spectrum of gas in the experimental chamber when the crucible with W(CO)6 is heated.

melt was poured into distilledwater and the resulting solution
was thoroughlymixed. Subsequent to aging and filtration, the
obtained gel was deposited onto glass substrates by the dip-
coating method. After drying, films with a thickness of less
than 1 𝜇m had a gray-green color, and thicker films (1-2 𝜇m)
were yellow-brown. The film thickness was estimated using
a KEYNCE VK-9710 confocal laser scanning microscope by
the scratch depth.

The samples were characterized by X-ray diffraction
(XRD) analysis, optical (VIS-NIR) spectroscopy, dispersive
Raman spectrometry, nuclear magnetic resonance (NMR)
spectroscopy, and thermal gravimetric analysis (TGA).

The XRD analysis was carried out using a DRON-3
diffractometer with CuK𝛼 radiation (wavelength 1.5418 Å),
and a pyrolytic graphite monochromator was installed in
the reflected beam. The measurements were conducted over
the angular range 2𝜃 = 2∘ to 145∘ with the step of 0.1∘,
and the time of shooting of each point was 15 seconds. The
optical reflectance 𝑅(𝜆) and transmittance 𝑇(𝜆) spectra were
measured with an SF-56 spectrophotometer in the wave-
length range of 300–1100 nm. The Raman analysis of the
samples was made using a Nicolet Almega XR Dispersive

Raman spectrometer with the reference beam of 532 nm
in Raman shift spectral range of 100–1500 cm−1. The 1H
(400.1MHz) and 51V (105.2MHz) MAS NMR spectra were
obtained using a Bruker AVANCE-II 400WB spectrometer
equipped with a 4mm H/X MAS probe. For both nuclei,
the Hahn echo sequence “90∘-𝜏-180∘-𝜏- acquisition” with a
sample rotation frequency of 14 kHz was used. Echo delay 𝜏
was equal to 1 rotor rotation period. Number of scans and
relaxation delays were 64 and 2 s for 1Hand 2048 and 0.5 s for
51V, respectively. The TGA of vanadium oxide xerogel films
was performed using a Hitachi High-Tech Sciences STA7300
HighTemperature SimultaneousThermalAnalyzer.The sam-
ple was heated to 100∘C and then held at this temperature for
half an hour, that is, for the time of hydrogen implantation
in plasma. Further, to determine the total amount of water
in the V2O5⋅nH2O sample, it was heated up to 400∘C (the
temperature at which all the bound water was removed from
V2O5⋅nH2O and vanadium pentoxide crystallized [15]) and
held at this temperature for some time.

The conductivity temperature dependence of VO2 films
was measured using the four-point probe method. The tem-
perature wasmeasuredwith a chromel–alumel thermocouple
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and a Keithley 2000 multimeter. The voltage and current at
probes were measured by a Keithley 2400 sourcemeter.

For the manifestation of the IECE in V2O5⋅nH2O films,
a constant DC voltage of about 30V was applied to the film
using point spring-loaded electrodes located at a distance of 3
mm from each other. The red spot (similar to that shown
in Figure 1 of our previous work [13]) growing around the
negative electrode was photographed at regular intervals, and
the spot area was then calculated from the photographs.

The switching effect was studied in a sandwich-type
structure Au-V2O5⋅nH2O-Au on the basis of vanadium oxide
xerogel films, both pure and doped with W, obtained by
the sol-gel method. Electroforming (EF) of the switching
structures was carried out by a Keithley 2400 sourcemeter in
the current limiting mode, and the EF voltage was 30V.

3. Results and Discussion

3.1. VanadiumDioxide. TheXRD analysis (Figure 3) revealed
that the obtained films represented vanadium dioxide. In
the experiment, the films were heated to about 100∘C by
radiation from the HCPS hot cathode. Thus, vanadium
dioxide in the metallic tetragonal phase was subjected to
hydrogenation. The coefficient of hydrogen diffusion in this
phase is considerably higher than that in the semiconductor
monoclinic phase [16]. In Figure 3, a wide peak of about
20∘ refers to the substrate and most likely corresponds to

the amorphous phase of SiO2, which is formed upon heating
during implantation.

Figures 4 and 5 show the conductivity temperature
dependence of the VO2 films before and after hydrogen
implantation with different doses. Sample 1 (Figure 4) has
been subjected to hydrogen implantation for 1min at a
pulse repetition rate of 1 kHz. According to formula (1), the
irradiation dose is 𝑁 = 7.5 × 1015 cm–2 in this case. The
concentration of hydrogen in the VO2 film is equal to 3.7
× 1020 cm–3; that is, the doping level is 1.2 at.%. The con-
ductivity jump falls by an order of magnitude (curve (2) in
Figure 4) as compared to the initial film (curve (1)), and the
MIT temperature also decreases. The duration of one 𝜎(𝑇)
measurement is about 1 hour; for this time, the hysteresis
loop shape is slightly altered from one measurement to
another (curve (3) in Figure 4). This suggests that hydrogen
is gradually removed from the film during the conductivity
measurements [17].

In the work [18], the hydrogenation of vanadium diox-
ide films has been performed in hot glycerine. When this
hydrogenation technique is applied, hydrogen is retained
within films for only a short time (several tens of minutes);
that is, almost all hydrogen escapes from the film in the
process of 𝜎(𝑇) measurements. When PIII hydrogenation
is used, hydrogen is retained within films for several days.
The films are heated in the process of measurements, and
the rate of hydrogen escape is increased relative to that at
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Figure 6: XRD patterns of V2O5 gel film: (1) initial; (2) 1 hour after hydrogenation; (3), (4), and (5) after 1, 7, and 14 days, respectively.

room temperature. Sample 2 (Figure 5) has been subjected
to hydrogen implantation for 5min at a pulse repetition rate
of 2 kHz. A part of the sample has been covered with a
mask during the plasma treatment; however, the temperature
dependence of conductivity (curve (2) in Figure 5) shows
that this part has also been hydrogenated with a small dose.
Formula (1) yields a dose of 𝑁 = 7.5 ⋅ 1016 cm–2 for
sample 2, and the hydrogen concentration in the VO2 film is
thus 3.7 ⋅ 1021 cm–3 (10.5 at.%). This value is much higher
than that obtained in [18] (2 at.%). It has been stated [18]
that metallization of VO2 should occur when the hydrogen
concentration in the film is equal to or higher than 4 at.%.
Therefore, it may be assumed that PIII leads to metallization
(curve (3) in Figure 5). This assumption also agrees with the
data presented in [19] where vanadium dioxide nanobeams
have been hydrogenated in the hydrogen flow.

Thus, it is demonstrated that the PIII technique allows
one to perform hydrogenation of vanadium dioxide films and
vary the concentration of hydrogen in the samples. Hydrogen
is retained in the films for a long time, and the hydrogen

concentration that is sufficient for metallization (i.e., for the
metal tetragonal phase to be preserved at room temperature)
is attained.

3.2. Vanadium Pentoxide Xerogel. The XRD analysis shows
that the initial vanadium oxide film obtained by the sol-
gel method is an amorphous V2O5⋅nH2O xerogel with 𝑛 =
1.6–1.8. In Figure 6, the curves of X-ray scattering intensity
distribution for the initial and hydrogenated films are pre-
sented.

Qualitatively, these curves are identical; that is, there
are no sharp structural changes during hydrogenation in
the films. However, the first maximum of the curve for the
hydrogenated film is shifted toward larger angles as compared
to that of the original sample, which indicates a decrease in
the interlayer spacing (Table 2).

During the hydrogen implantation, the film is heated
to about 100∘C by radiation from the HCPS hot cathode.
According to [20], at this temperature, a partial dehydra-
tion takes place—weakly bound water is reversibly removed
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Table 2: Interlayer spacing (𝛿) calculated from the XRD data for the as-prepared, hydrogenated, and aged V2O5 xerogel films.

Sample Number in Figure 6 2𝜃, ∘ 𝛿, Å I, cps
Initial film (1) 7.65 11.55 11625
Hydrogenated (2) 8.80 10.04 6805
1 day after hydrogenation (3) 8.68 10.17 6850
1 week after hydrogenation (4) 8.10 10.91 7744
2 weeks after hydrogenation (5) 7.47 11.82 11082

(V2O5⋅1.6H2O→ V2O5⋅0.5H2O), and the interlayer distance
is reduced from 11.55 Å to 8.75 Å. Such a change of the
interlayer distance by 2.8 Å corresponds to the disappearance
of a monomolecular water layer. In our experiment, the
interlayer distance, as a result of heating by hydrogenation,
decreases by about 1.5 Å, down to 10.04 Å (Table 2), that is, for
the time of hydrogenation, monomolecular layer of water is
only partly extracted from the film.

At the electrochromic coloration of an initial (nonhydro-
genated) film, analogous changes occur [13]. Here, partial
dehydration is caused by the heating due to the current flow.
However, the heating in that case ismuch less than the heating
during the PIII-assisted hydrogenation, and therefore the
interlayer distance decreases by only 0.65 Å.

The maxima at 2𝜃 ∼ 23∘, 32∘, and 39.5∘ are diffuse due
to the amorphous structure of the film. In the hydrogenated
film, they slightly shift toward smaller angles and become
even more blurred. This suggests that hydrogen is embedded
into the structure of the V2O5 layers, which leads to an
increase in atomic distances within the layers and to a
decrease in the interlayer distance.

In order to track the recovery process, the XRD patterns
of the film have also been obtained at 1, 7, and 14 days
after hydrogenation (see Figure 6 and Table 2). In the
hydrogenated films, the first peak shifts toward smaller angles
with aging; that is, the interlayer distance gradually increases,
reaching the value corresponding to the initial film and then
even slightly exceeding it. This might indicate the process of
hydrogen motion from the layers into the interlayer space
with a possible formation of new water molecules, as well
as the adsorption of water from air, since the films, because
of their loose (amorphous and porous) structure, can rather
easily absorb and desorb water.

For the Raman spectra measurements, the samples of
crystalline V2O5 have been obtained by annealing of the
xerogel films in a muffle furnace at a temperature of 400∘C.
According to the XRD data (Figure 7), the annealed film
contains 90% of crystalline V2O5, about 10% of amorphous
V2O5⋅1.6H2O, and small amount of VO2. The spectra of the
samples (Figure 8) are qualitatively similar to the data on
Raman scattering of vanadium pentoxide reported in the
literature [21–23]. A peak at 932 cm−1 corresponding to the
V4+=O bonds is reported in the work [23], and it is not
observed in our samples. Note however that a band around
900 cm−1 appears to slightly rise above the background of
the hydrogenated film spectrum (curve (2) in the insert of
Figure 8), which might indicate some V4+ concentration
increase.

For the study of the influence of hydrogenation (with the
dose of 𝑁 ≈ 1017 cm−2) on the IECE, the samples partially
covered by a mask during the hydrogenation process have
been used. The colored spot growth rate at different arrange-
ment of electrodes is shown in Figure 9.

The colored spot can persist up to 24 hours, and when
applying the reverse voltage, the spot disappears for 1–5
minutes. The films withstand up to 104 coloring-bleaching
cycles. From Figure 9, one can see that when the negative
electrode is located on the nonhydrogenated part of the
film and the positive electrode on the hydrogenated part
(i.e., if the nonhydrogenated region is colored), the IECE is
more pronounced, while at the reverse polarity, the effect is
practically suppressed. This is accounted for by the fact that
in the former case the migration of protons from the region
enriched with hydrogen is substantially enhanced, and in the
latter case, at the reverse polarity, the migration is impeded.

Next we have studied the optical properties of the hydro-
genated and colored samples. The 𝑅(𝜆) and 𝑇(𝜆) spectra
are shown in Figure 10. The transmittance (Figure 10(b))
increases at electrochromic coloration and falls at hydro-
genation. The film reflectance (Figure 10(a)) increases both
at coloration and at hydrogenation, though the rise of 𝑅
is greater in the red wavelength (over 650 nm) spectrum
region after electrochromic coloration, while after hydro-
genation it is greater in the blue and green wavelength region
(400–550 nm).We recall that, at the electrochromic effect, the
color of the film is bright red, and the hydrogenation results
in the dark-green film color.

The optical bandgap 𝐸𝑔 has been estimated on the
assumption of allowed direct transitions [13]:

(𝛼ℎV)2 = 𝐴 (ℎV–𝐸𝑔) , (2)

where 𝐴 is a constant, ℎ is the Planck constant, V = 𝑐/𝜆 (with
𝑐 being the light velocity) is the photon frequency, and 𝛼
is the absorption coefficient calculated from (3) based on
the obtained spectral dependence of 𝑇 and 𝑅 and the film
thickness (𝑑):

𝛼 = 1
𝑑
ln (1 − 𝑅)2

𝑇
. (3)

From these measurements, the optical bandgap has been
found to be 𝐸𝑔 = (2.30 ± 0.05). A decrease in the value of
𝐸𝑔 at the IECE, by approximately 0.05–0.1 eV, is observed
both in the as-prepared films and in those exposed to hydro-
genation. Structural changes occurring in the films at the
proton concentration increase might account for these 𝐸𝑔
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changes [13]. At the electrochromic coloration of the as-
prepared films, this proton concentration increase is due to
the migration of hydrogen ions to the negatively charged
electrode, while at plasma treatment it is due to the hydrogen
implantation.
51V MAS NMR spectra of both initial and hydrogenated

films (Figure 11(a)) contain the only signal with isotropic shift
around −575 ppm, which corresponds to vanadium in the
vanadium pentoxide phase of V2O5-xerogel [24]. However,
the intensity of the signal in hydrogenated film is lower by 2.7
times than in initial one. Most likely, the plasma treatment
results in a partial reduction of V+5 to V+4 oxidation state,
which is paramagnetic and invisible in NMR spectra, and
leads to the corresponding decrease of the NMR signal
intensity. Also, an additional decrease of the signal from
V+5 in the MAS NMR spectra recorded by the Hahn echo
technique can be caused by a decrease of relaxation times of
V5+ ions which are located close to V4+. The increased width
of the lines in the 51V MAS NMR spectrum of the hydro-
genated film has the same reason.

The partial V5+ → V4+ reduction seems to be supported
by the 900 cm−1 Raman peak intensity increase (Figure 8,
insert). That is why, apparently, electrochromic coloration
does not occur in the hydrogenated region, because the
formation of highest polyvanadic acids is hindered there.The
fact is that the film coloration to red color is accounted for by
the formation of highest polyvanadic acids, where the vana-
dium oxidation state is +5. At the PIII-induced hydro-
genation, the pentavalent vanadium concentration reduces;
therefore, the formation of hexa- and decavanadic acids is
hindered, and the coloration no longer occurs in the hydro-
genated region.

To further affirm this inference, we have conducted an
additional experiment, namely, tested another method of
hydrogenation, by holding the sample in hot (125∘C) glycerin.
Heating causes the decomposition of glycerin to formglycerol
aldehyde and molecular hydrogen [25].

Provided that the formed hydrogen gas can not escape
through the surface, it turns out to be dissolved in liquid glyc-
erin. If some hydrogenmolecule decomposition catalyst (e.g.,
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vanadiumpentoxide) is present in the reaction chamber, then
atomic hydrogen appears and penetrates into the V2O5 film
where it splits into protons and electrons.The vanadium pen-
toxide film changes its color from brown to blue-green. How-
ever, in this case, no changes occur in the concentration of
pentavalent vanadium. The internal electrochromic effect
in the film hydrogenated by such a way is much brighter
than that in the nonhydrogenated film. Unfortunately, this
method of the IECE enhancement can hardly be applied in
practice because of an uncontrollable film delamination from
the substrate during the hot glycerin treatment. Nonetheless,
this experiment proves that the IECE manifestation after
hydrogenation depends not solely on hydrogen excess, but
primarily on the vanadium valence state.

In the 1H MAS NMR spectra (Figure 11(b)), the only
signal at 9-10 ppm is also observed for both the films.We sup-
pose that it corresponds to a proton in an H3O

+ ion formed
by the interaction of water molecules with acidic protons
of polyvanadic acid. The high water content in the material
(around 15% in the initial state) makes it impossible to
observe protons in other surroundings, including hydrogen
introduced by hydrogenation. During the hydrogenation
procedure, two opposing processes take place changing the
content of protons in the film.The heating of the film at 100∘C
removes the water and corresponding protons. The hydro-
genation, on the contrary, introduces the hydrogen into the
film. However, the addition of hydrogen ions from plasma is
far from being able to compensate the loss of hydrogen
due to the water removal. This fact is confirmed by the 1H
MAS NMR measurements. After the treatment, the number
of protons in the film (integral intensity of 1H MAS NMR
spectra) is about 65% of the initial value. In addition, this
conclusion is further confirmed by the TGA data presented
in Figure 12.

From the results of TGA (Figure 12), one can see that
the sample mass loss at 100∘C for 30 minutes is about 10.8%,

and at 400∘C it is about 15%, which corresponds to the total
removal of the initial interlayer water. Thus, we can conclude
that, at the hydrogen implantation into a V2O5 xerogel film,
approximately 72% of the interlayer water leaves the sample.
As a result of implantation with a dose of 3.5 ⋅ 1017 cm−2,
∼5.4 ⋅ 1017 ions with a total mass of 9 ⋅ 10−5 g are added to
the film. For the 0.05 g mass of the V2O5 xerogel film, it
is straightforward to calculate that, from the TGA data and
taking into account the implanted hydrogen, the hydrogen
content in the films after implantation is about 39% of the
initial quantity, which agrees qualitatively with the above
value obtained from the NMR measurements.

Thus, the TGA results are consistent with the 1H NMR
data. The total amount of hydrogen decreases after implan-
tation. However, the implanted hydrogen differs from the
hydrogen composed in water. First of all, the implanted
hydrogen is not bound in the film; that is, it possesses a
highermobility. Perhaps this explains the enhancement of the
electrochromic effect in V2O5⋅nH2O films when the negative
electrode is located on the nonhydrogenated region and the
positive one on hydrogenated region.

In summary we have studied the internal electrochromic
effect in vanadiumpentoxide xerogel film and the influence of
hydrogenation on its parameters. The PIII-assisted hydrogen
insertion has been found to benefit the coloration rate at a
specific mutual arrangement of electrodes. Particularly, if
the negative electrode is located on the nonhydrogenated
region and the positive electrode on the hydrogenated one,
the IECE is more pronounced, while at the reverse polarity
(or if both electrodes are onhydrogenated region), the IECE is
practically suppressed.This is associated with the fact that the
migration of protons from the region enrichedwith hydrogen
is substantially enhanced, while it is impaired at the reverse
polarity.

The 51V MAS NMR analysis and Raman spectroscopy
have revealed a partial reduction of V5+ to V4+ oxidation
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Figure 12: TGA of V2O5⋅1.8H2O: (1) sample mass; (2) temperature.

state at hydrogenation. This accounts for the fact that elec-
trochromic coloration does not occur in the hydrogenated
region, because the formation of highest polyvanadic acids,
responsible for the V2O5⋅nH2O electrochromic coloration, is
hindered there due to a decrease in the pentavalent vanadium
concentration. In addition, it has been shown that, unlike
the PIII hydrogenation, the hydrogenation in glycerin results
in the IECE enhancement in the hydrogenated region, albeit
hydrogen is added to the material in both cases. The differ-
ence in these two hydrogenation methods consists precisely
in the fact that the former one leads to a decrease in the V5+
concentration, whereas the latter method does not change
this concentration. Finally, according to the 1H NMR and
TGA data, the total amount of hydrogen decreases after
implantation due to the heat-induced water loss. However,
the implanted hydrogen differs from the hydrogen composed
in water because it is not bound in the film and possesses a
highermobility.That is why the internal electrochromic effect
in V2O5⋅nH2O films is enhanced after plasma-immersion
hydrogen ion implantation.

3.3. Switching in MOM Structures Based on Hydrated Vana-
dium Pentoxide. Electrical switching due to MIT has been
first revealed for vanadium dioxide [7].

Switching in VO2 is associated with the current-induced
Joule heating of the sample up to 𝑇 = 𝑇𝑡. The switching
effect has been observed in vanadium dioxide single crystals
and thin-film structures of both planar and sandwich-type
[1, 5, 7], as well as in vanadate-phosphate glasses [26], VO2-
containing ceramics [27], and V2O5-gel films [8, 28]. When
as-prepared samples donot consist of pure vanadiumdioxide,
preliminary electrical forming (EF) is required, resulting in
formation of the VO2-containing channel [7, 8, 26–28].

In our experiments, after EF in the film of pure hydrated
vanadium pentoxide, a vanadium dioxide channel forms
where the MIT can occur. The current-voltage characteristic
of the structure becomes S-shaped with 𝑉th ≈ 2V. Thus, a
stable switching structure is formed with a sufficiently large
resistance jump (of up to two orders of magnitude) in the I-V
curve (Figure 13).

Implantation of tungsten greatly influences the I-V curves
of the switching structures. For the V2O5⋅1.8H2O film after

implantation of W(CO)6 for 1 minute (the W content in the
film, according to the EDX spectroscopy data, is ∼0.4 at.%),
the conductivity jump, when switching from the high-
resistance off state to the low-resistance on state, is greater
than that in the original film (Figure 14(a)). Moreover, the
switching parameters scatter is significantly lower than that in
the initial films without implantation. This might indicate
that the admixture of tungsten reduces the scatter due to a
decrease of the MIT temperature caused by W doping [8].
For the V2O5⋅1.8H2Ofilm after implantation ofW(CO)6 for 5
minutes (the W concentration is ∼7 at.%), switching in
sandwich structures without a preliminary EF is observed
(Figure 14(b)). At the same film after EF, the conduction
jump disappears completely, and the channel transits into the
metallic state (Figure 14(c)).

Note that the doping with metal ions has a profound
influence on the phase transition behavior and transition
temperature of VO2 [9]. Particularly, the substitution of V4+
ions with metal-ion dopants of higher oxidation states, such
asW6+ or Nb5+, lowers the transition temperature.Moreover,
doping of VO2 with tungsten up to 14 at.% results in its metal-
lization [1], and, according to recent data [29], metallization
occurs at even lower W concentration, about 9.5 at.%. It is
to be noted that, as is shown in Section 3.1, the doping of
vanadium dioxide films with large doses of hydrogen by PIII
also results in the film metallization.

One can assume that for a high W implantation dose
a transformation of vanadium pentoxide xerogel into VO2,
brought about by heating and ion bombardment, occurs
simultaneouslywith doping.That is, in this case some amount
of VO2 :Wmight be formed at plasma treatment.That is why
no preliminary EF is required, and the resistivity jump at
switching decreases: compare I-V curves in Figures 14(a) and
14(b). During electrical forming, additional doping of the
channelwith tungsten is possible due to theW ions electromi-
gration. If the W content is increased from 7 to 9.5 at.%, then
the W-doped VO2 channel becomes metallic and switching
no longer occurs in such a sample (Figure 14(c)). Also, the
observed degeneracy of the I-V characteristic might be
associated with the fact that in this case a conventional
electrical breakdown occurs instead of electrical forming [7].
Unfortunately, it turned out to be impossible to confirm
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the above made assumption (concerning the VO2 formation
duringPIII ofW)using, for example, XRDanalysis because of
the complex mixture of phases which are difficult to identify.
Nonetheless, we recall that a similar situation takes place at
PIII of hydrogen where a partial V5+ → V4+ reduction does
occur.

Thus, the implantation of small doses of tungsten into va-
nadium pentoxide films significantly improves their switch-
ing parameters. When implanting relatively large doses, the
switching effect is observed without a preliminary electro-
forming process, but in case of EF, switching vanishes due to
either metallization or breakdown.
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4. Conclusion

In this paper, we have studied the effect of doping with
hydrogen and tungsten on the properties of vanadium diox-
ide and hydrated vanadium pentoxide films. For carrying
out the efficient doping process, the plasma-immersion ion
implantation method has been developed and implemented.

It is shown that the implantation of hydrogen by the PIII
method in vanadium dioxide films leads to the suppression
of the MIT and, at a hydrogen concentration greater than
10.5 at.%, to the VO2 metallization at 𝑇 < 𝑇𝑡. This inference
is in agreement with the data available in the literature [10,
18, 19, 25]. In addition, hydrogen is retained in the films for a
long time.

Also in this study the internal electrochromic effect in
V2O5⋅nH2O films, as well as its modification under the PIII-
assisted hydrogenation, has been examined. It is shown that
when the negative electrode is located on the nonhydro-
genated region of the film and the positive electrode on the
hydrogenated region, the IECE is more pronounced. This is
accounted for by the fact that the migration of protons from
the region enriched with hydrogen is substantially enhanced.

Thus, we conclude that a method has been found for
substantial increase of the rate of electrochromic coloring
of hydrated vanadium pentoxide films without the use of
an electrolyte. The observed phenomenon can find appli-
cation in various electrochromic devices [11, 13], such as
electrochromic coatings for smart windows.

Next we have studied the switching effect in the metal-
V2O5⋅nH2O-metal structures. It is shown that the implanta-
tion of small doses of tungsten into vanadiumpentoxide films
significantly improves their switching parameters. When
implanting relatively large doses, the switching effect is
observed without preliminary electroforming, but in case of
EF switching vanishes.

Finally, we would like to comment on the doping method
used in the present study. As has been shown in the review
[14], “PIII is a cluster compatible doping and processing
tool offering many inherent advantages over conventional
beamline ion implantation. . . Recently, a substantial amount
of research activities have focused on microelectronics and
have led to a number of very interesting applications, such
as the formation of shallow junction, synthesis of silicon-on-
insulator, large area implantation, trench doping, conformal
deposition, and so on.” We add that lately the PIII technique
has successfully been applied for the synthesis of biocompat-
ible materials, see, for example, the paper [30]. The results
presented above show that, owing its advantages, PIII can be
used for doping vanadium oxides with hydrogen and metals
in order to modify their properties.
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